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ARTICLE INFO ABSTRACT

Keywords: The prevention of chronic wound formation has already been a primary subject in wound man-
Wound management agement, particularly for deep wounds. The electrospun nanofiber membranes hold tremendous
Nanofiber

potential in the prevention of chronic wounds due to their micro/nano pore structures. Currently,
many natural and synthetic materials have been utilized in the fabrication of nanofiber mem-
branes. However, striking a balance between the structural stability and the biocompatibility
remains challenging. It is necessary not only to ensure the long-term durability of nanofiber
membranes but also to enhance their biocompatibility for alleviating patients’ suffering. In this
study, we reported a nanofiber membrane dressing with excellent biocompatibility and me-
chanical properties, which is potential for the treatment of deep wounds. The basal material
chosen for the preparation of the nanofiber membrane was a co-polyester (NI-LPGD5) synthesized
by non-isocyanate polyurethane (NIPU) and polyglycolic acid with a dihydroxy structure
(LPGD—synthesized from glycolic acid and neopentyl glycol). Moreover, curcumin was also
added as a bioactive substance to enhance the pro-healing effect of dressings. The physico-
chemical properties of the prepared nanofiber membranes were characterized through various
physicochemical tools. Our results demonstrated that the NI-LPGD5 co-polymer can be electro-
spun into smooth fibers. Meanwhile, curcumin-loaded nanofiber membranes (Cur/NI-LPGD5)
also exhibited a favorable microscopic morphology. The fabricated membranes exhibited suitable
mechanical properties, outstanding hygroscopic-swelling rate and water vapor transmittance.
Besides, in vitro cell culturing, the cells on the NI-LPGD5 membrane maintained their maximum
viability. The potential of in vivo wound healing was further demonstrated through animal ex-
periments. The experimental results showed that the nanofiber membranes effectively prevented
chronic wounds from forming and promoted granulation tissue growth without replacing the
dressing throughout the healing process. We also found that these nanofiber membranes could
effectively promote the expression of related biomarkers to accelerate wound healing, particu-
larly the Cur/NI-LPGD5 membrane. In conclusion, the fabricated membranes possess suitable
physicochemical properties and promising bioactivity. As a result, it effectively prevented the
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formation of chronic wounds and demonstrated significant potential in reducing the frequency of
dressing changes.

1. Introduction

The skin is the largest organ of the human body, accounting for 15 % of its total body mass, serving as the first line of defense
against external damage and bacterial invasion [1,2]. The skin also plays a crucial role in body temperature regulation, sensation,
immunity, and fluid balance [1]. Damage to the skin can lead to adverse health effects, particularly if wounds become chronic. In such
cases, exogenous bacterial infection due to poor hemostasis or frequent dressing replacement would significantly increase the risk of
chronic wound formation [2-6]. Therefore, there is an urgent need in modern medicine to design wound dressings that stop bleeding
quickly, resist bacterial invasion, and reduce the need for replacement. Currently, wound dressings such as gauze, synthetic fiber cloth,
foam, and hydrogel are widely used in wound healing [6-10]. However, these dressings cannot simultaneously meet the
above-mentioned requirements of rapidly absorbing wound exudate, preventing exogenous bacteria from invading, and minimizing
dressing replacement during use [1,11,12]. Electrospun nanofiber membranes may potentially meet these requirements, as their high
specific surface area can absorb a large amount of wound exudates (e.g., platelets), promptly stopping bleeding, and promoting cell
migration and proliferation [13]. Furthermore, their micro/nano pores can prevent invasion by exogenous microorganisms, reducing
the frequency of dressing replacement. These pores have a structure similar to that of the extracellular matrix (ECM), which can
effectively promote wound healing [6,14,15]. These characteristics make electrospun nanofiber membranes an ideal candidate for
wound dressing.

Currently, various natural and synthetic materials, such as chitosan, collagen, polycaprolactone, polyvinyl alcohol, and polylactic
acid, have been utilized in developing nanofiber membrane wound dressings [16-20]. However, the electrospun nanofiber membranes
composed of natural polymers generally exhibit suboptimal mechanical properties. Meanwhile, the rapid degradation rate of natural
materials also leads to their limited durability. Polyurethane (PU), as a synthetic material, has been widely used in the medical field, as
it has excellent mechanical flexibility, hydrophilicity, and physical and chemical properties, and its synthetic raw materials can be
selected according to requirements [21,22]. However, PU production requires toxic diisocyanate compounds, which can cause irre-
versible damage to the environment and human health [23-25]. Non-isocyanate polyurethane (NIPU) may be used as a significant
material for wound dressings in the future. Nevertheless, synthetic materials generally lack natural cell recognition receptors, which
will generally cause immune rejection upon contact with the body.

Studies have shown that hydrophilic and biocompatible materials are conducive to contact with cells directly, alleviate inflam-
matory reactions, and promote cell proliferation and migration [26-28], which is crucial for wound dressings to effectively promote
wound healing [22,29]. At the same time, excellent biocompatibility also helps to reduce the frequency of dressing replacement.
Therefore, at the early stages of wound dressing design, hydrophilic and biocompatible substances should be considered for use as
basal materials. Polyglycolic acid (PGA) is widely used in surgery and regenerative medicine due to its hydrophilicity and biocom-
patibility [28-33]. PGA is a safe metabolic molecule that can come into direct contact with cells, reducing immune rejection in the
body [30]. Current applied researches on PGA focus on using high-molecular-weight PGA, which has poor toughness, high cost, and
poor processability; it is also susceptible to damage during heating, making it difficult to be processed into nanofibrous materials
[31-33]. Therefore, we have synthesized a low-molecular-weight PGA diol (LPGD) that is more affordable than conventional PGA.
Additionally, the structure of LPGD allows it to be easily copolymerized with other diols, making it a more versatile material. However,
integrating LPGD with NIPU remains a challenging task.

In this study, we used glycolic acid (GA) and neopentyl glycol (NPG) to prepare LPGD. Next, we synthesized NIPU using ethylene
carbonate (EC), 1,6-hexanediamine (1,6-HDA), and polyethylene glycol 1000 (PEG1000). We then dissolved LPGD and NIPU in
hexafluoroisopropanol (HFIP) solvent and used sebacyl chloride (SAC) as a chain extender to obtain non-isocyanate polyurethane-co-
polyglycolic acid (NI-LPGD) through an amidation reaction. Finally, an electrospinning machine was used to prepare NIPU and NI-
LPGD nanofiber membranes with HFIP as the solvent. Afterwards, curcumin was added to prepare the Cur/NI-LPGD nanofiber
membrane. A variety of instruments and techniques were used to systematically analyze the morphology, chemical structure, and
mechanical and thermal properties of LPGD, NIPU, and NI-LPGD, as well as the microstructure, hygroscopic-swelling rate, and water
vapor transmittance of the nanofibrous films. The safety and efficacy of the nanofiber membrane were confirmed by analyzing he-
mostasis, wound contraction, histomorphology, and biomarkers in hemorrhaging liver mouse and full-thickness skin defect models.

2. Materials and methods
2.1. Materials

GA was provided by Morinaga Milk Co., Ltd., and pre-dried in an oven before use. NPG and TEA were provided by Macklin
Biochemical Technology Co., Ltd., Shanghai. PEG1000, HFIP, deuterated dimethyl sulfoxide (DMSO-dg), and SAC were provided by
Meryer Technologies Co., Ltd., Shanghai. 1,6-HDA and EC were provided by Bidepharm Co., Ltd. Zinc acetate dihydrate
((CH3COO0)2Zne2H,0), serving as a catalyst for esterification and transesterification reactions, was provided by Tianjin Sitong
Chemical Plant, Bei Chen District, Tianjin. Stannous chloride dihydrate (SnCl,e2H,0) was provided by Tianjin North Tianyi Chemical.
Toluene was provided by Tianjin Damao Chemical. Curcumin was provided by Shanghai Xu Shuo Biotechnology Co., Ltd. Phosphate
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buffer solution (PBS, pH = 7.4) was provided by Sheng Shi Standard (Xiamen) Technology Co., Ltd.
2.2. Synthesis of low-molecular-weight polyglycolic acid diol (LPGD)

GA and NPG were used as raw materials for LPGD synthesis, with (CH3COO0),Zne2H,0 serving as the catalyst. The entire reaction
process was divided into two parts: the normal pressure reaction part and the low-pressure reaction part. During the normal pressure
reaction, the temperature ranged from 120 °C to 150 °C. During the low-pressure reaction, the temperature ranged from 150 °C to

190 °C, while maintaining a reaction pressure of 600 pa. Additional details are available in the Materials and Methods section of the
Supporting Information (SI).
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Fig. 1. Synthesis equations and presentation of work: A) Synthesis equations of LPGD, NIPU, and NI-LPGD; B) Sample display: LPGD91 viscous
liquid, LPGD171 solid powder, and NI-LPGD transparent film; C) 'H NMR spectra of LPGD91 and LPGD171.



F. Ge et al. Heliyon 10 (2024) 33693
2.3. Synthesis of bis (2-hydroxyethyl) hexane-1,6-diyldicarbamate (BHHDC)

The synthesis of BHHDC is described in Ref. [34]. EC and 1,6-HAD were used as raw materials for BHHDC synthesis. After heating
the reaction to 80 °C for 2 h, it was further heated to 96 °C for 2 h. After that, the reaction was continued for 30 min at 80 °C by adding
180 g of deionized water and subsequently cooled to room temperature. The mixture was then stored in a refrigerator and recrys-
tallized the next day. Additional details are available in the Materials and Methods section of the SI.

2.4. Synthesis of non-isocyanate polyurethane (NIPU)

The synthesis of NIPU is described in Ref. [34]. BHHDC and PEG1000 were used as raw materials for NIPU synthesis, with
SnCly-2H,0 serving as the catalyst. The reaction temperature was 220 °C and the reaction pressure was 600 Pa. Additional details are
available in the Materials and Methods section of the SI.

2.5. Synthesis of non-isocyanate polyurethane-co-polyglycolic acid (NI-LPGD)

LPGD171 and NIPU were used as raw materials for NI-LPGD synthesis, with HFIP serving as the solvent. The reaction was con-
ducted at a temperature of 60 °C for 30 min. Among the NI-LPGD, the mass fraction of LPGD171 was from 5 wt% to 20 wt%, and they
were named NI-LPGD5, NI-LPGD10, NI-LPGD15 and NI-LPGD20. Additional details are available in the Materials and Methods section
of the SI.

2.6. Preparation of electrospun nanofiber membranes

The spinning solution was obtained by dissolving 0.5 g of NIPU or NI-LPGD5 in 4.5 g of HFIP. After the solute was completely
dissolved, it was drawn into a 10-mL syringe. The voltage and propulsion speed for spinning were set at 17 kV and 0.4 mm/h,
respectively. The film was spun onto release paper at a distance of 15 cm. Thus, NIPU and NI-LPGD5 nanofibrous membranes were
prepared, respectively.

Cur/NI-LPGD5 nanofibrous membranes were prepared using the same method by dissolving 0.5 g of NI-LPGD5 and 0.025 g of
curcumin in 4.5 g of HFIP.

2.7. Invitro physicochemical characteristics

The physicochemical characteristics of LPGD, NIPU, and NI-LPGD were analyzed by Fourier-transform infrared spectroscopy (FT-
IR), 'H nuclear magnetic resonance spectroscopy (\H NMR), X-ray photoelectron spectroscopy (XPS), differential scanning calorimetry
(DSC), thermogravimetry (TG), a universal tensile testing machine, and a contact angle-measuring instrument.

2.8. LPGD molecular weight

The average molecular weight of LPGD was calculated by 'H NMR [35]. The samples were dissolved in DMSO-ds, respectively. The
hydrogen spectra of LPGD91 and LPGD171 were obtained using a 'H NMR, as shown in Fig. 1C, with unique hydrogens marked. In this
study, the number of repeat units of LPGD was calculated according to Equation (1) using the integrated area of the hydrogen atom on
the methylene group at position 3 and the hydrogen atom on the methyl group at position 5. The average molecular weight of LPGD
was calculated according to Equation (2):

X 213X
Yy 6 'Y @
M, = 56n + 104 @

where X represents the peak area of the methylene hydrogen atom, Y represents the peak area of the methyl hydrogen atom, and n
represents the number of LPGD repeat units.

2.9. Diameter of nanofibers and porosity of nanofiber membranes

Using the ImageJ software, 150 fiber diameters were randomly selected from scanning electron microscopy (SEM) images of the
NIPU, NI-LPGDS5, and Cur/NI-LPGD5 nanofibrous membranes. The average fiber diameter, diameter distribution, and porosity of the
nanofiber membranes were calculated using ImageJ software.

2.10. Mechanical properties of nanofiber membranes

The nanofiber films were sliced into 1 cm x 5 cm samples, with five samples prepared for each film. The tensile properties of the
samples were tested on the universal tensile testing machine (CMT-4254) under a tensile speed of 5 mm/min and an effective clamping
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distance of 4 cm.
2.11. Hygroscopic-swelling rate of nanofiber membranes

The hygroscopic-swelling rate experiments were conducted following Reference [36]. Weighed samples were added to flasks
containing 20 mL of PBS (pH = 7.4), which were placed in a shaker for 24 h at 37 °C. The samples were then clamped with tweezers and
suspended for 30 s. The samples were weighed after no liquid had dripped. Then the samples’ hygroscopic-swelling rate was calculated
according to Equation (3):

)= Wret “ Wy 1009 3)

weight(% "
ry

where wy,; is the wet weight of the sample after soaking in PBS solution for 24 h, and wy, is the dry weight of the sample before
soaking.

2.12. Water vapor transmittance (WVTR) of nanofiber membranes

The WVTR of NIPU, NI-LPGD5, and Cur/NI-LPGD5 nanofibrous membranes were measured using a Water Vapor Transmittometer
(PERME W3/030) at a temperature of 38 °C and a relative humidity of 90 %.

2.13. Antibacterial activity evaluation of nanofiber membranes

The antibacterial method used in this study was the dilution coated plate method. Escherichia coli (ATCC 8739) and Staphylococcus
aureus (ATCC 29213) were used to determine the antibacterial properties of NIPU, NI-LPGD5, and Cur/NI-LPGD5 nanofiber mem-
branes [37]. Additional experimental details can be found in the Materials and Methods section of the SI. The bacterial killing rate of
each nanofiber membrane was calculated according to Equation (4):
y=le M

C

Kill(% x 100% ()]

where n, is the colony number of the control group, and n, is the colony number of the experimental group.
2.14. Biocompatibility and cytotoxicity evaluation of nanofiber membranes

The biocompatibility and cytotoxicity of the NIPU and NI-LPGD5 nanofibrous membranes were assessed by directly contacting
mouse fibroblasts (1929). The number of cells was also counted using ImageJ software. Additional experimental details can be found in
the Materials and Methods section in the SI.

2.15. Evaluation of the hemostatic ability of nanofiber membranes

The in vivo hemostatic ability of the nanofiber membranes was evaluated according to Ref. [38]. Additional experimental details
can be found in the Materials and Methods section of the SI.

2.16. Wound healing evaluation in a full-thickness skin defect model

Based on the literature [8], a full-thickness skin defect model was established using female KM mice weighing 30-40 g for
wound-healing experiments. All animal experiments were approved by the Animal Ethics Committee of Chengdu Sunway Experi-
mental Animal Co., Ltd. Additional details can be found in the Materials and Methods section of the SI.

2.17. Morphological evaluation of regenerated tissue

The samples collected on days 5, 10, and 15 were fixed with 4 % paraformaldehyde for 1 h. Before H&E staining, the samples were
embedded in paraffin and then transected into 4 pm thick tissue sections. After that, the prepared tissue sections were dewaxed,
rehydrated and stained with H&E. The nuclei were stained blue with hematoxylin, and the cytoplasm was stained red with eosin. All
sections were analyzed and photographed using a microscope (IX53, Olympus, Japan).

2.18. Expression of biomarker involved in wound healing

The biomarker content of transforming growth factor-p1 (TGF-p1) and vascular endothelial growth factor (VEGF-A), which are two
major growth factors in wound healing, was measured in the regenerated skin tissues collected. At the end of the full-thickness skin
defect model experiments, the levels of TGF-p1 and VEGF-A in mice tissue samples were determined by enzyme-linked immunsorbent
oassay (ELISA) kits (Elabscience Biotechnology, Wuhan, China).The measurement was strictly carried out according to the
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requirements of the kit manufacturer.

2.19. Statistical analysis

The data of this study were expressed as means + standard deviations (SDs). Statistical significance was calculated by one-way
ANOVA using Origin (2021 version, USA) software. A value of p < 0.05 indicates a statistically significant difference.

3. Results and analysis
3.1. Synthesis of LPGD

In this study, a series of nanofiber membrane dressings with good flexibility, excellent biocompatibility, and toxicological safety
was designed using LPGD and NIPU as base materials. The LPGD reaction scheme is shown in Fig. 1A. In this reaction, NPG was
selected to react with GA to synthesize LPGD. The main reason for choosing NPG is its high boiling point, which allows it to be retained
in the reaction system, as well as its low cost. Each LPGD sample was named according to the difference in the molar ratio of GA to NPG
added. For example, as shown in Table 1, LPGD91 represents n(GA):n(NPG) = 9:1, and LPGD171 represents n(GA):n(NPG) = 17:1,
which each shows different physical morphology. As shown in Fig. 1B, LPGD91 is a viscous liquid, and LPGD171 is a solid.

'H NMR was used to verify the molecular weight of the synthesized LPGD. The 'H NMR spectra of LPGD91 and LPGD171 are shown
in Fig. 1C. DMSO-dg was used for the 'H NMR test as a solvent, whose chemical shift was 6 = 2.50 ppm. The chemical shift at § = 3.33
ppm was attributed to water in the solvent. Five chemically equivalent hydrogen atoms were present in the structure of LPGD, which
were mainly reflected in the 'H NMR spectra at § = 5.52 ppm (Hy, triple peak), 5 = 4.12 ppm (H,, double peak), 5 = 4.91 ppm (Hs,
single peak), § = 3.94 ppm (Ha, single peak), and § = 0.90 ppm (Hs, single peak). Thus, the positions of the H; to Hg representing
hydrogen in the NMR spectrum were identified, indicating that LPGD synthesis was successful. At the same time, in the 'H NMR
hydrogen spectrum, the peak area can roughly reflect the number of hydrogen atoms [35]; this feature can be used to estimate the
molecular weight of the substance. In this study, we chose the hydrogen atom on the methylene group in the LPGD repeat unit and the
hydrogen atom on the methyl group in the neopentyl glycol to calculate the molecular weight. Their integral areas are shown as
Integrals 3 and 5 in Table 1, respectively. The average molecular weight of the LPGD obtained was calculated according to Equations
(1) and (2).

3.2. Synthesis and characterization of NI-LPGD

LPGD cannot be electrospun due to its low toughness and low molecular weight. However, it can be copolymerized with NIPU to
synthesize NI-LPGD to meet the spinning requirements. To explore the physicochemical properties of NI-LPGD, four kinds of NI-LPGD
copolyesters with different LPGD mass fractions were designed in this study. As seen in Table 2, the LPGD mass fractions ranged from 5
wt% to 20 wt%. To synthesize these copolyesters, NIPU was first synthesized. The process began with the cyclic opening of EC and 1,6-
HDA to produce BHHDC. Then, NIPU was obtained by a transesterification reaction with PEG1000. Then, SAC was used to link LPGD
and NIPU to make NI-LPGD (Fig. 1A). TEA was added to the system as an acid binder to neutralize HCl produced by the amidation
reaction and facilitate the reaction. The amount of SAC and TEA added was equal to that of LPGD. FT-IR, 'H NMR, XPS, DSC, and TG
were used to characterize the physicochemical properties of NI-LPGD.

The chemical structures of NIPU and NI-LPGD were confirmed by FT-IR, as shown in Fig. 2A. The peak at 3319 cm ™! is attributed to
the stretching vibration peak of the terminal hydroxyl group or N-H in the ammonia ester bond. The peak at 2800 cm™* to 3000 cm ™
is the methylene absorption peak. The two distinct peaks at 1738 cm ™! and 1536 cm ™! are the stretching vibration peak of the C=0
bond of the carbamate group in polyurethane and the characteristic absorption peak of the -N-H- bond, respectively. The peaks at 1100
cm ! are the stretching vibration peaks of the -C-O- single bond in LPGD and the ether bond (-C-O-C-) in PEG. This FT-IR pattern
reveals the presence of aminoester, ester, and ether bonds in the structure of the synthesized NI-LPGD sample, indicating the successful
introduction of LPGD and PEG.

The successful synthesis of NIPU and NI-LPGD was confirmed by 'H NMR, as shown in Fig. 2B. The characteristic peaks of the
methylene group of the BHHDC moiety in NIPU (number 1 of Fig. 2B) and the methylene group of the SAC moiety (number 2 of Fig. 2B)
are seen at § = 1.08 ppm [39]. As seen in Fig. 2B, the integrated area of NI-LPGD5 at § = 1.08 ppm is significantly larger than that of
NIPU, indicating that SAC was well involved in the reaction. In NIPU synthesis, a tail-biting reaction occurred to produce a urea bond
according to the reaction scheme shown in Fig. 2C. Upon reviewing the relevant literature, § = 5.70 ppm was determined to be the
position of the urea bond in the 'H NMR map [40]. It is difficult to observe this peak in Fig. 2B, suggesting minimal side reaction during
NIPU synthesis.

Table 1
LPGD formulation, MRI integral area, and molecular weight.
Sample Molar Ratio n(GA):n(NPG) mga (g) mypg (8) Catalyst (g) Integral Integral Mn (g/mol)
3 5
LPGD91 9:1 116.7 17.7 0.2 10.9 6 500
LPGD171 17:1 150.8 14.7 0.3 23.2 6 900
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Table 2
NI-LPGD synthetic formulation.
Sample orpep171 (Wt%) mypy () mypcpi71 (8) msac (8) mrea (8)
NI-LPGDS 5 9.5 0.5 0.17 0.07
NI-LPGD10 10 9 1 0.33 0.13
NI-LPGD15 15 8.5 1.5 0.49 0.21
NI-LPGD20 20 8 2 0.65 0.27
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Fig. 2. Characterization of NI-LPGD: A) FT-IR spectra of NIPU and NI-LPGD; B) H NMR curves of NIPU and NI-LPGD5; C) tail-biting reaction in
NIPU synthesis; and D) NI-LPGD5 XPS curve.

XPS was used to perform an elemental analysis of NI-LPGD5, as shown in Fig. 2D. The main characteristic peaks are C 1s with a
binding energy of 284.8 eV and O 1s with a binding energy of 532.1eV. The typical peak of N 1s is relatively weak, whereas the
characteristic peak intensity of F 1s is the lowest at 689 eV and can hardly be observed, indicating a low residual fluorine content in the
synthesized NI-LPGD5.

We also tested the thermodynamic properties of NIPU and NI-LPGD. DSC and TG results are shown in Figs. S1 and S2 of the SI,
respectively. The DSC curves show that these materials’ glass transition temperature (Tg) is —40 °C, indicating that the materials have
good low-temperature flexibility. The melting point (Ty,) of NIPU was determined to be 153 °C. An increase in LPGD content caused the
copolyester’s Tp, to first decrease before increasing, eventually displaying two melting points. This is because the introduction of LPGD,
a solid polar substance, reduces the crystallinity of NIPU and decreases its melting point. With the increase of LPGD content, the
crystalline region of LPGD in NI-LPGD increased, which showed that the copolyester had two melting points of 145 °C and 152 °C [41].
As can be seen from Fig. S2 of the SI, NIPU exhibited a 10 % weight loss at a temperature of 255 °C, whereas that of NI-LPGD exhibited
a 10 % weight loss at 272 °C. This is because the thermal decomposition temperature of the ester bond in LPGD is higher than that of
the carbamate bond in NIPU, which improves the heat resistance of NI-LPGD.

3.3. Physical properties of NIPU and NI-LPGD

As seen in Fig. 3A, NIPU and NI-LPGD5 demonstrated good mechanical properties. The tensile strength of NI-LPGD5 (11.8 + 0.5
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Fig. 3. Physical properties of NI-LPGD: A) Mechanical properties of NIPU and NI-LPGD; B) water contact angle map of NIPU and NI-LPGD; C) side
reaction of NI-LPGD synthesis.

MPa) was lower than that of NIPU (12.1 + 0.5 MPa), but the latter had the higher elongation at break (128.0 + 23.7 %) than the former
(81.9 + 26.7 %). The tensile strength and elongation at break of the three groups of copolymers (NI-LPGD10 to NI-LPGD20) showed
increasing and decreasing trends, respectively. The fracture mode of the materials changed from a ductile fracture of NI-LPGD5 to a

NIPU NI-LPGD § NI-LPGD 20
crystallization model crystallization model crystallization model

Enhanced /
LPGD content /

s :NJPU Crystalline Zone

= . LPGD Crystalline Zone

Fig. 4. Schematic diagram of crystallization of NIPU and NI-LPGD.
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brittle fracture of NI-LPGD20. This is because, with the increase of LPGD content, the LPGD crystallization area in the copolyester
becomes larger, thereby reducing the toughness of the copolyester. A schematic diagram of the crystallization of NIPU to NI-LPGD is
shown in Fig. 4, the hydrogen bonding between the ester bond of LPGD and the carbamate bond of NIPU would result in a reduced
crystallinity of NI-LPGD compared to that of NIPU. Simultaneously, due to the pronounced crystallization ability of LPGD, an
increasing content of LPGD in NI-LPGD gradually leads to the formation of two crystal structures corresponding to NIPU and LPGD
within NI-LPGD. The change in crystallinity between NIPU and NI-LPGD is shown in Fig. S3 of the SI, where the crystallization peak
area from NIPU to NI-LPGD20 first decreases and then increases.

The hydrophilicity of NIPU and NI-LPGD was characterized in terms of water contact angle. As shown in Fig. 3B, NIPU and NI-LPGD
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all showed hydrophilic characteristics. The water contact angles of NI-LPGD5 (38°) and NI-LPGD10 (17°) were significantly smaller
than that of NIPU (51°), indicating that the introduction of LPGD could well improve the hydrophilicity of the material. However, the
water contact angles of NI-LPGD15 (40°) and NI-LPGD20 (44°) did not continue to decrease but increased. This is caused by the
residual fluorine element in NI-LPGD, namely, the side reaction of the solvent (HFIP) with sebacyl chloride during the synthesis of NI-
LPGD. Fig. 3C is the reaction equation diagram of side reaction of NI-LPGD synthesis.

3.4. Morphology and structure of nanofibrous membranes

The microstructures of the three prepared nanofiber membranes were observed. Fig. 5A shows a schematic diagram of the NIPU,
NI-LPGD5, and Cur/NI-LPGD5 nanofiber films prepared by electrospinning. Fig. 5B shows the completed spun NI-LPGD5 nanofiber
film and Cur/NI-LPGD5 nanofiber film. Fig. 5C shows the SEM and diameter distribution histograms of NIPU, NI-LPGD5, and Cur/NI-
LPGD5 nanofibrous membranes. The surfaces of all the nanofiber samples were smooth and continuous, indicating that the electro-
spinning parameters were appropriate. The mean diameters of the NIPU, NI-LPGD5, and Cur/NI-LPGD5 nanofibers were 350 + 150
nm, 350 + 110 nm, and 280 + 80 nm, as seen in Fig. 5D. We then calculated the porosity of the nanofiber membrane using ImageJ
software, as shown in Fig. 5E. The porosities of these nanofiber membranes were all more than 60 %, which is consistent with values
reported in the literature [42].

3.5. Physical properties of nanofiber membranes

The mechanical properties of the NIPU, NI-LPGD5, and Cur/NI-LPGD5 nanofiber membranes fabricated in this work are shown in
Fig. 6A. The tensile strength of the NIPU nanofiber membrane was 3.4 £+ 0.2 MPa, and its elongation at break was 34.2 + 8.5 %. The
tensile strength of the NI-LPGD5 nanofiber membrane was 6.5 + 0.8 MPa, its elongation at break was 36.1 + 5.5 %. The tensile
strength of the Cur/NI-LPGD5 nanofiber membrane was 5.0 + 0.4 MPa, and its elongation at break was 35.2 + 7.2%—slightly lower
than that of NI-PLGDS5. This is mainly because the average diameter of the Cur/NI-LPGD5 nanofibers is smaller than that of NI-LPGD5
[43].

After immersing in PBS (pH = 7.4) for 24 h, we measured the hygroscopic-swelling rate of the nanofiber membranes. As shown in
Fig. 6B, the hygroscopic-swelling rate of the NIPU nanofiber film was 1600 %, and that of NI-LPGD5 was 2000 %, which is explained by
NI-LPGDS5 having a higher hydrophilicity than that of NIPU. However, Cur/NI-LPGDS5 exhibited the lowest hygroscopic-swelling rate
due to the addition of hydrophobic curcumin, but it also reached 1300 %.

As shown in Fig. 6C, we measured the water vapor transmittance (WVTR) of the nanofiber membranes. The WVTR of the NIPU, NI-
LPGDS5, and Cur/NI-LPGD5 nanofiber membranes reached 3462.5 + 7.4 g/(m2.d), 3405.0 + 24.1 g/(m?>d), and 3313.4 + 9.3 g/
(mz-d), respectively.

Finally, we peeled the Cur/NI-LPGD5 nanofiber film off and placed it on the wrist of the experimenter, as shown in Fig. 6D and
Video 1. The nanofiber membrane exhibited suitable attachment with the movement of the human wrist joint, indicating its potential
application in joint injuries. At the same time, the Cur/NI-LPGD5 nanofiber membrane maintained its intact structure without tears
even after 6 h of application on the human wrist.

3.6. Antimicrobial properties of nanofibrous membranes
In this study, we investigated the antimicrobial activity of three different types of nanofiber membranes, namely NIPU, NI-LPGDS5,

and Cur/NI-LPGD5, against two types of bacteria: gram-positive S. aureus and gram-negative E. coli. As shown in Fig. 7A and B, the NI-
LPGD5 nanofiber films showed antibacterial activity against S. aureus after 3 h of contact with S. aureus (>75 %). The Cur/NI-LPGD5

Kill(%)
2

NI'PU NI-LPGD5 Cur/Nll-LPGDS

Fig. 7. Antibacterial activity of the nanofiber membranes: A) number of colonies of S. aureus and E. coli after 3 h of contact with the nanofiber
membrane; B) antibacterial activity of the nanofiber membranes against S. aureus. *p < 0.05.
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nanofiber films showed excellent antibacterial activity against S. aureus after 3 h of contact with S. aureus (>90 %), which was mainly
attributed to the proven excellent antibacterial property of curcumin [44,45]. It was not unexpected that the NIPU nanofiber mem-
brane did not exhibit antimicrobial activity against either bacterial species. The NI-LPGD5 and Cur/NI-LPGD5 nanofiber membranes
did not show satisfactory antibacterial activity against E. coli compared to S. aureus. This phenomenon can be explained by the
lipopolysaccharide structure of E. coli, which acts as a permeability barrier, thus increasing the resistance of the bacteria [46].

3.7. Biocompatibility of nanofibrous membranes

The biocompatibility and cytotoxicity of the NIPU and NI-LPGD5 nanofibrous membranes were evaluated by the Alamar Blue®
assay and the LIVE/DEAD® Viable/Cytotoxicity assay in this study. Using the direct contact method, the same number of L929 cells
were seeded directly onto the material in six-well plates. The fluorescence intensity of the cells in the control tissue culture plate (TCP)
was used as a reference. As seen in Fig. 8A, the cells exhibited excellent activity on both day 1 and day 3 of incubation. On the first day,
the NIPU nanofiber membrane group had 89 % cell viability, whereas the NI-LPGD5 nanofiber membrane group had 95 % cell viability
(p < 0.05). In addition, after three days of incubation, cell viability of both membranes was higher than after one day, with 93 % for the
NIPU nanofiber membrane group and 98 % for the NI-LPGD5 nanofiber membrane group (p < 0.01), owing to the better surface
wettability of the NI-LPGD5 nanofiber membrane [47]. In addition, as seen in Fig. 8B, the NIPU and NI-LPGD5 nanofiber membranes
exhibited significant cell proliferation and growth trends within three days. Moreover, it was observed that the number of cells in the
NI-LPGDS5 nanofiber membrane group was slightly higher than that in the NIPU nanofiber membrane group. This trend was confirmed
by the LIVE/DEAD staining plot shown in Fig. 8C, where no red fluorescence emitted by dead cells was observed on either the NIPU or
NI-LPGD5 nanofiber membranes.
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Fig. 8. Biocompatibility of the nanofiber membranes: A) biocompatibility of the nanofiber membrane; B) number of L929 cells on the nanofiber
membranes after 1 and 3 days of incubation; C) fluorescence plot of LIVE/DEAD cell staining of nanofiber membranes. *p < 0.05; **p < 0.01.
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3.8. In vivo hemostatic property of nanofibrous membranes

The hemorrhaging-liver mouse model was used to evaluate the hemostatic property of the NI-LPGD5 nanofiber membrane. A
bleeding model without the nanofiber membrane was used as the control group. As shown in Fig. 9, the hemostasis effect of the
nanofiber membrane group was excellent; the blood marks on the gauze were very light, and the range was small. The control group
had large blood spots on the gauze, and the color was much darker. The blood loss of the control group totaled 814 + 205 mg, and that
of the nanofiber membrane group was significantly lower at 125 + 37 mg (p < 0.01).

3.9. Wound healing effect of nanofiber membrane in full-thickness skin defect model

The full-thickness skin defect model experimental results of nanofiber membranes are shown Fig. 10A and B, and Fig. 10C. The
wound healing rate of all the 60 mice was presented in the form of heat map, as shown in Fig. 10B. On day 5, the wound contraction
rate of the experimental group was lower than that of the control group. This is due to adhesion between exposed wound tissues, which
causes significant shrinkage of the wound surface; however, it also greatly increases the risk of wound infection in the control group
without dressing coverage [48,49]. This effect was reflected in chronic wounds on days 10 and 15 in the control group, with the
appearance of fresh, unhealed wounds or poor wound contraction. However, nanofibrous membrane can prevent tissue adhesion [50].
On day 10, all the experimental groups showed a better wound contraction rate than the control group, and the Cur/NI-LPGD5 group
showed the best performance. This is because the natural structure of the nanofiber membrane and curcumin can accelerate the
processes of anti-inflammation, proliferation, and remodeling [51,52]. Moreover, the median number of wound contraction rate of the
NI-LPGD5 group was higher than that of the NIPU group on days 5 and 10, and the range of wound contraction rate was more
concentrated than that of the NIPU group, possibly because of the antibacterial property and higher biocompatibility of the former. On
day 15, regarding the number of the experimental mice with completely healed skin, namely the number of the control, NIPU,
NI-LPGDS5, and Cur/NI-LPGD5 groups was 4, 4, 2, 3, respectively. The experimental group did not exhibit a higher complete healing
rate.

3.10. Wound granulation tissue thickness evaluation

During skin healing, the thickness of granulation tissue is considered an important evaluation index. As shown in Fig. 11A and B,
the granulation tissue thickness in the NIPU, NI-LPGD5, and Cur/NI-LPGD5 groups was much larger than that in the control group after
15 days of use. The granulation tissue of the NIPU group was >650 pm thicker than that of the control group (p < 0.01), that of the NI-
LPGD5 group was >700 pm thicker (p < 0.01), and that of the Cur/NI-LPGD5 group was >500 pm thicker (p < 0.05). These results
indicated that the nanofiber membrane groups promoted granulation tissue formation better than the control group. The granulation
tissue of the NI-LPGD5 group was more than that of the NIPU group. The thickness of granulation tissue in the experimental group
treated with Cur/NI-LPGD5 was the thinnest, indicating adequate acceleration of the skin remodeling process as the tissue gradually
differentiated into normal skin during healing [53].

3.11. Histological evaluation of wound regeneration
When skin damage occurs, timely hemostasis can help the wound to enter the healing stages of anti-inflammation, proliferation,

and remodeling. The three phases are continuous and overlapping with each other [54]. In this study, we observed the histo-
morphological changes of the mice wounds by H&E staining. After examining the tissue sections of wound regeneration, wound
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Fig. 9. In vivo hemostatic property of NI-LPGD5 nanofibrous membranes. **p < 0.01.
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Fig. 10. Wound healing analysis of nanofibrous membranes: A) Wound healing diagram at 0, 5, 10, and 15 days; B) Heat map of wound healing rate
of all the 60 mice; C) wound contraction of nanofiber membrane.

healing was evaluated by scoring epidermal injury, subcutaneous inflammation, edema and hemorrhage, growth of granulation tissue
and collagen fibers, and regeneration of the skin’s accessory structures. The scoring details are shown in Table 1 of the SI. The results of
scoring are shown in Table 3 below. The H&E-stained sections of the wound are shown in Fig. 12. On day 5 of healing, many fibroblasts
migrated to the epidermis, and the subcutaneous inflammation was maintained at a low level in the control and experimental groups.
In addition, the experimental group did not exhibit excessive inflammation or skin lesions through direct contact with the dressing.
Thus, all these dressings have excellent biocompatibility. We observed less subcutaneous edema and hemorrhage in the experimental
group compared to the control group owing to the nanofiber membrane effectively blocking bacterial invasion and curcumin having
good anti-inflammatory activity [54,55]. On day 10 of healing, wounds in the control group healed poorly and tended to become
chronic, with a large number of abscesses on the surface and significant infiltration of inflammatory cells. Compared with the control
group, the experimental group did not develop chronic wounds, proving that the nanofiber membrane can effectively prevent wounds
becoming chronic. The wound surface was entirely covered by both epithelial and connective tissue in the experimental group. At the
same time, the appearance of hair follicle structure in the NI-LPGD5 and Cur/NI-LPGD5 groups indicated that these two groups of
nanofibrous membranes promoted skin tissue recovery. One possible explanation is that NI-LPGD5 can better promote the activity of
fibroblasts and keratinocytes, and the ECM-like structure of the nanofibrous membrane and curcumin can enhance the epithelial-
ization of skin tissue [14,56,57]. On day 15 of healing, complete epithelial and dermal structures were formed in the control, NIPU,
NI-LPGD5, and Cur/NI-LPGDS5 groups, and complete wound healing was observed in some individuals. However, individuals in the
control group still developed chronic wounds, whereas no chronic wounds were found in the three nanofiber membrane groups. Once
again, nanofiber membranes effectively inhibited acute wounds becoming chronic. The control and experimental groups showed some
noticeable hair follicle structures. However, the NIPU group had fewer hair follicles relatively, and the arrangement of the various
tissues was not as regular as that in the NI-LPGD5 and Cur/NI-LPGD5 groups. In contrast, the NI-LPGD5 and Cur/NI-LPGD5 nano-
fibrous membrane exhibited better performance, which resulted in a faster wound re-epithelialization process, a more regular and
neatly arranged skin tissue structure, a higher number of hair follicles, and a better healing effect. In addition, in the deep skin of the
Cur/NI-LPGD5 nanofiber membrane group, numerous adipose structures were observed, indicating superior healing.
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3.12. Biomarker analysis of wound regeneration

TGF-p1 is a pleiotropic cytokine with a demonstrated pro-fibrotic and pro-inflammatory capacity. TGF-p1 acts by modulating
cellular proliferation and differentiation and induces the generation of extracellular-matrix components and transcription of pro-
collagen I and II, which in turn facilitate wound healing and tissue repair [58-60]. Fig. 13A shows the expression level of TGF-f1
during the wound healing process of mice in the NIPU, NI-LPGD5 and Cur/NI-LPGD5 groups on days 5, 10 and 15. On day 5, the
TGF-p1 expression level of Cur/NI-LPGD5 in the experimental groups was the highest (p < 0.001), indicating that curcumin signifi-
cantly promoted TGF-p1 release. The expression of TGF-p1 in the NIPU and NI-LPGD5 groups was significantly lower than that in the
control group (NI-LPGDS5, p < 0.001). This is because the NIPU and NI-LPGD5 nanofiber membranes groups block bacterial invasion,
so the body does not need to secrete much TGF-f1 to recruit inflammatory cells. On day 10, the expression levels of TGF-p1 in the NIPU
and NI-LPGD5 groups were significantly higher than in the control group (p < 0.01). On day 15, the expression levels of TGF-p1 in the
experimental groups were not statistically different from that of the control group. However, the expression level of TGF-p1 in the
Cur/NI-LPGD5 group was considerably higher than that of the other experimental groups (p < 0.01) mainly because myofibroblasts
were formed during the remodeling phase of wound healing, pulling the wound to shut. The mechanical force generated by myofi-
broblasts pulling the wound activated the expression of TGF-p1 [61,62]. Fig. 11B shows that the Cur/NI-LPGD5 nanofibrous mem-
brane promoted the formation of muscle fibers during wound remodeling.

VEGF-A, an important member of the VEGF family, acts as the primary regulator of angiogenesis and also plays an essential
proangiogenic factor that stimulates endothelial cells to differentiate, proliferate, migrate, and survive, leading new blood vessel
formation [63-65]. Fig. 13B shows the expression levels of VEGF-A during the wound healing process of mice in the NIPU, NI-LPGD5
and Cur/NI-LPGDS5 groups on days 5,10 and 15. On day 5, the expression levels of VEGF-A in the experimental groups were higher than
that in the control group, and the expression level of VEGF-A in the NI-LPGD5 group was the highest (p < 0.01) The hydrophilicity and
ECM-like structure of the nanofiber membranes could adsorb more fibroblasts and platelets, and secrete more VEGF-A than the control
group [29,66]. In contrast to the NI-LPGD5 group, the expression level of VEGF-A decreased in the Cur/NI-LPGD5 group. This is mainly
because wounds are rich in oxidants; studies have shown that these oxidants do not necessarily contribute to injury but have a role in
promoting angiogenesis [63]. As a phenolic antioxidant, curcumin can effectively inhibit the expression of the VEGF-A gene [67,68].
On day 10, the expression levels of VEGF-A in the experimental groups were higher than that in the control group, and the NI-LPGD5
and Cur/NI-LPGD5 groups showed statistically significant differences compared to the control group (p < 0.05). This was associated
with thicker granulation tissue in the experimental groups. On day 15, the expression of VEGF-A was lower in the NIPU and NI-LPGD5
groups than in the control group, which may be due to better vascular healing in the former two groups, reducing the need for excess
VEGF-A. However, the expression level of VEGF-A in the Cur/NI-LPGD5 group was higher than that of the other two groups of
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Table 3

Histopathological observation after the application of different nanofiber membranes on the full-thickness skin defect model in mice.

Histopathological observation

5 Day

10 Day 15 Day
Control NIPU NI-LPGDS5 Cur/NI-LPGD5 Control NIPU Cur/NI-LPGD5 Control NIPU NI-LPGDS Cur/NI-LPGD5
Epidermal damage +++ +++ +++ +++ + + + - + + -
Subcutaneous inflammation ++ ++ ++ ++ ++ ++ ++ - - + -
Edema and hemorrhage ++ + + + + + - - - + -
Granulation tissue and collagen fibers ++ ++ ++ +4 ++ + + +4++ + + +
Regeneration of accessory structures +++ +++ +++ +++ +++ ++ ++ + ++ + -

Scored as Severe (+-++); Moderate (++); Mild (+); and Not Present (—).
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Fig. 12. Histomorphological evaluation of wound regeneration with nanofibrous membrane (hair follicles: green arrows, adipose cell: yellow ar-
rows, boundary of epithelium and dermis: blue lines, boundary of adipocyte layer and dermis: yellow line).

nanofibrous membranes.
4. Discussion

Compared to other types of wound dressings, nanofiber membranes have significant potential demonstrated in preventing the
formation of chronic wounds due to their unique micro/nano pores. Additionally, the selection of an appropriate dressing basal
material is crucial in order to minimize the risk of excessive immune rejection and reduce the frequency of dressing changes signif-
icantly. In our study, we prepared a promising bioactive membrane by electrospinning using LPGD (with exceptional biocompatibility
and biodegradability) and NIPU (the synthetic path is green and nontoxic) as base materials for wound dressings and applied it to
wound management, especially in preventing chronic wound formation and reducing the frequency of dressing changes.

In this study, LPGD with a double-terminal hydroxyl group structure was synthesized and copolymerized with NIPU to prepare NI-
LPGD. The successful synthesis of LPGD and NI-LPGD was demonstrated through the utilization of FT-IR, acid value, 'H NMR, and XPS
techniques.

As medical dressings can quickly stop bleeding after trauma, protect the wound from bacterial invasion, and promote wound
healing, they can be regarded as the “temporary skin” of the human body before the wound is healed. Therefore, when designing
wound dressings, it is necessary to consider whether the substrate’s physical properties (e.g., mechanical and hydrophilic properties)
are satisfied. In mechanical property testing, the NI-LPGD5 exhibited the highest elongation at break. However, the tensile strength of
the NI-LPGD5 was lower than that of NIPU. This is because the oxygen atom on the ester group of LPGD can easily form an inter-
molecular hydrogen bond with the hydrogen atom on the carbamate group of NIPU. The formation of the carbamate bond crystal
structure was hindered to some extent, resulting in the crystallinity of NI-LPGD5 being lower than that of NIPU. The decrease in
crystallinity increased the toughness of the material to some extent [69]. Although the tensile strength of NI-LPGDS5 is lower than that
of NIPU, it still reaches 11 MPa, which is a suitable basal material of wound dressings.

Studies have shown that hydrophilic materials can improve cell adhesion, reduce rejection, and establish direct contact with the
wound area [29]. After conducting hydrophilicity tests, we found that the hydrophilicity of the NI-LPGD can be significantly enhanced
through the incorporation of LPGD. But the hydrophilicity of NI-LPGD15 and NI-LPGD20 decreased as the content of LPGD increased.
This is because, during the synthesis of NI-LPGD, an amidation reaction occurred between HFIP and SAC, forming bis(1,1,1,3,3,
3-hexafluoropropane-2-yl) decanedioate (BHFD). Consequently, a trifluoromethyl residue was introduced into the copolyester,
which led to a reduction in the material’s hydrophilicity [70]. In addition, the presence of BHFD as an impurity in NI-LPGD further
reduced the material’s elongation at break [71]. As a consequence, the mechanical properties of NI-LPGD15 and NI-LPGD20 were
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Fig. 13. Degree of relevant gene expression: A) TGF-f1; and B) VEGF-A. *p < 0.05, **p < 0.01, ***p < 0.001.

significantly diminished in comparison to those of NI-LPGDS5. In conclusion, we selected NI-LPGD5 as the material for the preparation
of nanofiber membranes in this study due to its mechanical properties, hydrophilicity, and minimal BHFD residue.

The addition of bioactive substances to achieve various biomedical applications is also a common strategy when designing wound
dressings [72]. In this study, curcumin, a substance widely shown to regulate the regeneration of skin tissue and function during
wound healing [73], was added to NI-LPGD?5 as a drug load to produce a Cur/NI-LPGD5 nanofiber membrane.

The SEM of nanofiber membranes showed that adding LPGD did not affect the average diameter of the nanofibers but did increase
their uniformity. Meanwhile, the average diameter of the Cur/NI-LPGD5 nanofibers was smaller than that of the NIPU and NI-LPGD5
nanofibers, mainly because curcumin is an antioxidant substance that carries a positive charge. This positive charge increases the
charge density on the Taylor cone, which causes the spinning solution jet to be subjected to more tensile force in the electric field. Asa
result, thinner and more uniform nanofibers are produced [67,74]. Porosity calculations showed that the porosity of these nanofibrous
membranes was >60 %. The interconnected pores increase the efficiency of gas exchange and promote the transport of nutrients and
metabolites, which can be used as an excellent skin matrix to create favorable conditions for wound healing [75-77].

As a replacement for skin after damage, wound dressings need to have physical characteristics similar to those of normal human
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skin [22]. Therefore, it is imperative to design wound dressings with good physical properties, including mechanical properties,
hygroscopic-swelling rate, oxygen transmittance, and water vapor transmittance. In mechanical property testing, the tensile strength
and elongation at break of the NI-LPGD5 nanofiber membrane were better than that of the NIPU nanofiber membrane. This difference
is explained by LPGD, as a polymer with a simple linear fat structure, having a denser hydrogen bond acceptor than NIPU, which can
form denser hydrogen bonds with NIPU molecular chains, thereby improving the mechanical properties of the nanofiber membrane.
The mechanical properties of Cur/NI-LPGD5 nanofiber membrane were slightly lower than those of NI-LPGD5. Although these
nanofibrous membranes have different mechanical properties, they all closely resemble normal human skin [78,79]. A reasonable
hygroscopic-swelling rate can achieve rapid coagulation and absorption of wound exudate, and promote cell migration and prolif-
eration [80]. The results of hygroscopic-swelling experiments showed that our preparation of nanofiber membrane had the very high
hygroscopic-swelling rate. In addition to the ability of the nanofiber membrane to quickly absorb wound exudate, it is also worth
considering whether it can discharge excess water timely to prevent the wound surface from becoming too wet [75]. The results of
WVTR test indicated that these nanofiber membranes can effectively remove water from wounds, thereby preventing the creation of a
humid environment that can facilitate the growth of harmful bacteria. In addition, the high WVTR also indicated that these nano-
fibrous membranes have high oxygen permeability and can prevent the propagation of anaerobic bacteria in the wound. Taken
together, these excellent physical properties are sufficient to indicate that the nanofibrous membranes prepared in this study are an
ideal candidate for wound dressing.

When developing materials for applications in related fields such as biomedicine, priority should be given to their biocompatibility
and toxicity to biological somatic cells [81,82]. The results of biocompatibility test indicated that the NIPU and NI-LPGD5 nanofiber
membranes had excellent biocompatibility and very low cytotoxicity. The NI-LPGD5 membrane is better, making it a promising
candidate material for wound dressing.

Although the microscale-pores of the nanofiber membranes can prevent the invasion of foreign microorganisms, the bactericidal
ability of the base materials is still attractive. The results of bacterial experiments demonstrated that the NI-LPGD5 nanofiber mem-
brane unexpectedly exhibited a certain level of antibacterial activity against S. aureus. This is because the NI-LPGD5 nanofiber
membrane contains a certain amount of fluorine. Fluorine, a strong electron-withdrawing element, can make a potential difference
with the negatively charged cell membrane, thus affecting the integrity of the cell structure, leading to cell death [83,84]. Our XPS
experiments detected the presence of fluorine element in NI-LPGD5. However, the presence of residual fluorine should be avoided
during the preparation of medical materials. Therefore, in future research, it is necessary to identify a solvent with strong polarity,
volatility, and absence of hydroxyl groups for the NI-LPGD synthesis process.

When applied to a wound, electrospun nanofiber membranes, as having numerous pore structures, can quickly absorb blood and
promote platelet aggregation for rapid hemostasis [15]. At the same time, studies have demonstrated that the surface polarity of
polyurethane materials can cause blood coagulation by promoting the deposition of fibrin and platelets [85,86]. The current study also
shows that the structure of polyurethane’s microphase separation has an adsorption effect on protein, which increases as the degree of
microphase separation decreases [87]. This can effectively promote fibrin aggregation at the wound site, thereby promoting wound
healing. In our study, the 70 % hard segment content of NIPU and the low polarity of PEG resulted in a very low degree of microphase
separation of NIPU, thus achieving a better adsorption effect toward fibrin. The NI-LPGD5 nanofibrous membrane was chosen for in
vivo hemostasis studies because of their excellent hydrophilicity, high hygroscopic swelling rate, low biotoxicity, and good flexibility.
The results of in vivo hemostatic experiments showed that the NI-LPGD5 nanofibrous membrane had excellent in vivo hemostatic
property. The adsorption of platelets by polyurethane, hydrophilic polyglycolic acid, and the natural pores of the nanofibrous
membrane may play a synergistic role in hemostasis in vivo [15,88]. Therefore, these nanofiber membranes possess excellent me-
chanical properties, high hygroscopic-swelling rate, biocompatibility, and good hemostatic properties, making them effective he-
mostatic barriers with good prospects in replacing gauze for hemostasis in surgery.

To investigate the healing effect of the nanofiber membranes, we tested them on a full-thickness skin defect model, and the his-
tomorphology of the wound tissue was examined. We observed that the pro-healing effect of the NI-LPGD5 nanofiber membrane was
superior to that of NIPU, primarily due to the enhanced biocompatibility conferred by LPGD. Compared with other traditional
dressings, the exceptional hydrophilicity of NI-LPGD5 nanofiber membrane dressings facilitates increased cell migration and prolif-
eration on the dressings. Simultaneously, its excellent biocompatibility reduces immune system stimulation, minimizes white blood
cell infiltration, and decreases dressing replacement frequency. Furthermore, the nanofibrous membrane’s barrier property effectively
safeguards against microbial colonization and prevent wound from progressing into a chronic state. We also found that Cur/NI-LPGD5
nanofiber membranes exhibited the best effect among these nanofiber membranes in terms of wound healing due to the addition of
curcumin. In addition to curcumin, the incorporation of multiple drugs into the NI-LPGD5 nanofiber membranes synthesized in this
study can be utilized for targeted treatment of specific diseases. Simultaneously, the exceptional biocompatibility of the nanofiber
membrane is advantageous for extending its lifespan and facilitating enhanced drug release. Moreover, this remarkable biocompat-
ibility also enables the utilization of nanofibrous membranes as an in vivo drug delivery system without concerns regarding immune
rejection.

The rational of biomarkers is to provide information about biological processes by measuring the presence or activity levels of
specific molecules and substances in an organism [89]. At the same time, biomarkers play a key role in objectively assessing wound
status, providing quantitative indicators for the degree of wound healing, inflammation, infection and tissue regeneration. In our
study, we chosen TGF-1 and VEGF-A as biomarkers. After evaluation, it was found that the nanofiber membrane groups had higher
biomarker contents than the control group. They accelerated the wound-healing process by increasing the expression of TGF-p1 and
VEGF-A. On day 15, the Cur/NI-LPGD5 group had the best performance among the different groups. However, we also observed a wide
distribution of data in some groups, potentially attributable to insufficient control over objective factors in the process of animal
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experiments, such as temperature, humidity, illumination time and living space for mice.
5. Conclusions

We have prepared wound dressings with nanofiber membranes using NIPU and LPGD as substrates. The dressings could rapidly
stop bleeding, effectively prevent chronic wound formation without replacement, and demonstrated effective wound protection and
healing promotion effects in the full-thickness skin defect mouse model. The process of making nanofiber films involved several steps.
First, LPGD was synthesized by using GA and NPG. Then, NI-LPGD5 (5 wt% LPGD) was co-synthesized with PEG-based NIPU. Finally,
NIPU, NI-LPGDS5, and Cur/NI-LPGD5 nanofibrous membranes were produced using the electrospinning method. The Cur/NI-LPGD5
membrane was loaded with curcumin. These nanofibrous membranes have consistent porosity, similar mechanical properties to
human skin, and excellent hygroscopic-swelling rate and water vapor transmittance. Moreover, NI-LPGD5 exhibited better hydro-
philicity and biocompatibility than NIPU. Antibacterial experiments showed that NI-LPGD5 and Cur/NI-LPGD5 also had excellent
antibacterial activity. These nanofibrous membranes not only effectively stopped bleeding but also blocked the invasion of harmful
bacteria. This effect is beneficial in preventing wounds from turning into chronic wounds, as demonstrated in both the liver hemor-
rhage mouse model and the full-thickness skin defect model. Additionally, the nanofibrous membranes upregulated the expression of
TGF-p1 and VEGF-A, which promoted the formation of ECM and new blood vessels, ultimately helping with wound healing. In
particular, the Cur/NI-LPGD5 nanofibrous membrane showed the best wound healing effect. Based on our results, it can be concluded
that the Cur/NI-LPGD5 nanofibrous membrane possesses excellent mechanical properties, water vapor transmittance, antibacterial
properties, biocompatibility, and hemostasis ability; furthermore, it can effectively prevent chronic wound development and can serve
as a wound dressing without requiring frequent replacement. This work provides a reference for the further application of NIPU and
LPGD in the medical field.

6. Limitations of the study

Future research in this study may focus on in vivo biotherapeutic protocols, including the selection of drug species, determining the
optimal duration of release, and exploring effective methods for peeling the nanofibrous membranes off. In our study, S. aureus and E.
coli were utilized for antibacterial experiments. However, future investigations will specifically target MDR Pseudomonas or MRSA as
they are the primary pathogens responsible for wound infections. Additionally, considering the various objective factors that can
influence experimental data during animal studies, it is essential to increase the number of experimental subjects appropriately in
future research.
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